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ABSTRACT

The development of reinforced radiation resistant composites presents a critical challenge for in-
vessel component application in advanced high temperature reactors. In its pursuit of this, Physical Optics
Corporation (POC) is interested in developing a silicon carbide (SiC)-based ceramic matrix composite
(CMC) with improved thermal conductivity in a high neutron radiation environment. The US Department
of Energy (DOE) is supporting research efforts to develop Advanced Reactor Technology. Ultimately, the
results of this project will determine the viability of using SiC matrix composites in hot structures in
advanced high temperature reactors. The first objective of this project is to irradiate torsion and bend bar
specimens in the High Flux Isotope Reactor (HFIR) and develop an initial data set to evaluate the evolution
of composite mechanical strength, dimensional changes, and thermal conductivity. This report briefly
describes the irradiation experiment design concepts, summarizes the irradiation test matrix, and reports on
the successful delivery of three rabbit capsules to the HFIR. Rabbits of both torsion and bend bar
configurations have been assembled, welded, evaluated, and delivered to the HFIR along with a complete
quality assurance fabrication package.



1. INTRODUCTION

The high-temperature strength, oxidation resistance, and irradiation stability of silicon carbide (SiC)
are properties which have led researchers to explore SiC as a candidate material for a variety of nuclear
applications [1-6]. However, in a harsh advanced reactor environment, with high neutron radiation and
high temperature, SiC thermal conductivity degrades resulting in a large temperature gradient through the
composite. These large temperature gradients create a complex stress state due to differential swelling and
could damage SiC components [7]. Thus, mechanical testing of irradiated SiC materials is essential for
irradiation effect investigations The US Department of Energy (DOE) awarded Physical Optics Corporation
(POC) a grant to experimentally investigate irradiation effects in a SiC-based ceramic matrix composite
(CMC), with an improved thermal conductivity. The results obtained from this irradiation testing will
provide an initial data set to evaluate the evolution of the composite properties subjected to a high neutron
flux.

Irradiation capsules have been designed and fabricated to allow PyC coated SiC specimens to be
irradiated in the core of the High Flux Isotope Reactor (HFIR) at Oak Ridge National Laboratory (ORNL).
Post-irradiation examination of the irradiated specimens will include mechanical strength analysis,
dimensional changes, and thermal conductivity evolution. This work summarizes the assembly and delivery
of three rabbits containing SiC CMC specimens to the HFIR. The specimens include rectangular bend bar
specimens for flexural testing and hourglass specimens for torsion testing. This report provides a brief
overview of the irradiation test matrix, the capsule design concepts, and the successful delivery of all
irradiation capsules to the HFIR.

2. EXPERIMENT DESIGNS AND TEST MATRIX

2.1 BEND BAR CAPSULE DESIGN

The bend bar irradiation capsule design is shown in Figure 1. This design places three bend bar
specimens in a V-4Cr-4Ti holder at the center of the rabbit housing. The specimens are surrounded by
chemical vapor deposited (CVD) SiC blocks, Inconel springs, and SiC liners, to maintain the specimens in
place, allow them to swell under irradiation, and prevent their contact with the holder. Two silicon carbide
passive temperature monitors are placed on the outside of the CVD SiC blocks for post irradiation
dilatometry. The holder is positioned in an aluminum housing, which is directly cooled by the reactor
primary coolant. The nominal bend bar temperatures were determined to be around 650°C by scaling the
gamma heating rate of a previously demonstrated design, meant for 800°C with respect to a new position
in the HFIR. The temperature will be validated using the SiC temperature monitors.
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Figure 1. Capsule design concept for irradiating SiC matrix composite bend bars specimens.

2.2 TORSION CAPSULE DESIGN

Figure 2 shows the concept for the torsion rabbit design. Two rows of eight hourglass specimens
stacked in the vertical direction are set inside a molybdenum holder. A center spacer separates the two rows
of specimens while two retainer springs maintain the specimens centered in their holder. Molybdenum
wires are used to secure the specimen stack within the holder. Two silicon carbide passive temperature
monitors are placed on the outside of the CVD SiC blocks for post irradiation dilatometry. Grafoil insulator
disks as well as quartz wool are placed at the top and bottom of the housing assembly reduce axial heat
losses from the top and bottom hourglass specimens to the cooler surface of the capsule housing. The design
was based on, and nearly identical to, a previous irradiation experiment. Finite element modeling of the
previous design predicts 800°C average specimen temperatures. The thermal performance will be validated
by the SiC temperature monitors, post-irradiation. Figure 3 displays the temperature contour plot for the
torsional specimens.
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Figure 2. Capsule design concept for irradiating SiC matrix composite hourglass specimens.
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Figure 3. SiC matrix composite hourglass specimen temperature (°C) contours during irradiation.



2.3 IRRADIATION TEST MATRIX

Table 1 summarizes the irradiation test matrix. The specimens have been manufactured by POC.
Each specimen was coated with PyC. Table 1 shows the loading of specimens in each rabbit along with the
irradiation positions and fill gases. Each bend bar rabbit contains three bend bars while the torsion rabbit
contains sixteen specimens. One bend bar rabbit will be irradiated for one cycle (cycle 481) in the HFIR,
which will result in a radiation dose of approximately 1.85 dpa. The other bend bar rabbit and the torsion
rabbit will be irradiated for two cycles (cycles 481 and 482) in the HFIR, which will result in a radiation
dose of approximately 3.7 dpa. The targeted specimen surface temperature is approximately 650°C for the
bend bars and 800°C for the joint specimens. Temperature gradients through the thickness depend on the
heat flux and the specimen thermal conductivity, which varies with specimen type and neutron fluence. The
nominal bend bar specimen dimensions are 42 mm length, 4 mm width, and 1 mm thickness; the nominal
hourglass specimen dimensions are 6 mm x 6 mm square section and 2.8 mm height.

Table 1. Rabbit irradiation test matrix showing the loading of specimens within each rabbit, the
irradiation positions, and fill gases

Number of

Rabbit irradiation cycles Specimens Irradiation position Fill gas

DCMO01 1 1BB1, 1BB3, 2BB7 TH-6 Ne*

DCMO02 2 1BB2, 1BB6, 2BB9 TH-6 Ne*
6B01, 6B02, 6B03, 6B04,

DCMO3 9 6B05, 6B06, 6B07, 6B08, PTP-2 Ar

6C01, 6C02, 6C03, 6D01,
6D02, 6D04, 6D05, 6D06

* Or Ne equivalent

3. RABBIT CAPSULE ASSEMBLY AND DELIVERY TO THE HFIR

3.1 BEND BAR RABBITS ASSEMBLY

The two bend bar rabbits (DCMO01 and DCMO02) were assembled. Pictures of the complete parts
layout and the parts in the holder sub-assembly for rabbit DCMO1 are shown in Figure 4. Figure 5 shows
the parts layout for rabbit DCMO02. The signed capsule fabrication request forms are provided in
APPENDIX A. Figure 6 shows a top-down view of SiC matrix composite bend bar specimens assembled
inside the rabbit housing, with liners, springs and thermometry.
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Figure 4. Parts (left) and sub-assembly components

(right) of rabbit DCMOL.
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Figure 5. Parts (left) and sub-assembly components (right) of rabbits DCMO02.



Figure 6. Top-down view of bend bar specimens assembled inside rabbit housing DCMOL.

All capsule components were dimensionally inspected and cleaned according to HFIR-approved
procedures, drawings, and sketches. After assembly of the internal components, all rabbit housing end caps
were welded to the housings using an electron beam weld. The capsules were then placed inside sealed
chambers that were evacuated and backfilled with an 59.5% Ar—He balance mixture gas three times to
ensure a pure environment. The chambers were placed inside a glove box, which was also evacuated and
backfilled with 59.5% Ar—He balance mixture gas. Each rabbit had a small hole in the bottom of the housing
that was sealed using a gas tungsten arc welding procedure. All welds passed visual examination. Each
capsule was then sent for nondestructive examination, which included a helium leak test, hydrostatic
compression at a pressure of 1,035 psi, mass comparisons before and after hydrostatic compression to
ensure no water penetrated the capsule housing, and a final post-compression helium leak test. All rabbits
passed helium leak testing and hydrostatic compression.

3.2 TORSION RABBIT ASSEMBLY

One torsion rabbit (DCMO03) was assembled. A picture of the layout before irradiation is shown
for this rabbit in Figure 7. The torsion rabbit and rabbit components were inspected, cleaned,
assembled, and tested using the same processes and procedures as the bend bar rabbits, except that
the backfill gas was pure argon instead of an 59.5% Ar—He balance mixture. All rabbits passed weld
examination, leak testing, and hydrostatic compression.
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Figure 7. Capsule parts for torsion rabbit DCMO03 (left), and the joint specimens with liners and
spacers (right).

3.3 QUALITY ASSURANCE, FABRICATION PACKAGE, AND DELIVERY TO THE HFIR

Each rabbit irradiation experiment requires a fabrication package that is reviewed by an independent
design engineer, a lead quality assurance (QA) representative, and a HFIR QA representative before
acceptance for insertion into the HFIR. The fabrication package must satisfy the requirements of the
Experiment Authorization Basis Document (EABD). Rabbit capsules fall under document EABD-HFIR-
2009-004. This document specifies a number of requirements that the rabbits must satisfy in the areas of

o thermal safety analyses,
material certification,
dimensional inspection,
cleaning,
assembly procedure,
sample loading,
fill gas,
welding, and
nondestructive evaluation.

A unique fabrication package was prepared for the bend bar and torsion rabbit capsules. This package
was reviewed and approved by an independent design engineer, lead QA representative, and HFIR QA
representative and accepted by HFIR on July 12, 2018. The final signed acceptance page of the EABD is
provided in APPENDIX A. All three rabbits are scheduled for insertion during HFIR cycle 481 (July 2018).



4. SUMMARY AND CONCLUSIONS

This work summarizes the capsule design concepts and the irradiation test matrix for three rabbit
capsules, which were successfully assembled and delivered to the HFIR for insertion during cycle 481 (July
2018). Each bend bar rabbit contains three SiC matrix composite bend bars; the torsion rabbit contains
sixteen SiC matrix composite hourglass specimens. The specimens will be evaluated post-irradiation to
investigate the effects of irradiation on the composite mechanical strength, dimensional changes, and
thermal conductivity. The rabbits were successfully assembled, welded, evaluated, and delivered to the
HFIR along with a complete QA fabrication package. Pictures of the rabbit assembly process are included
in this report. Documentation of the capsule fabrication and final acceptance by HFIR is provided in an
appendix. Ultimately, the results of this project will determine the viability of using silicon carbide matrix
composites in hot structures in advanced high temperature reactors.
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Experiment Authorization Bases Document: EABD-HFIR-2009-004

Title: Rabbit Irradiations in the HFIR Target Region Prepared By: G. J. Hirlz

Rev 13

Date:01/12/2017

Page 10 of 36

Section 6: Acceptance for Use of As-Built Experiment Capsule
Note: This section is used to document acceptance of the as-built experiment for reactor installation and
irradiation. This section is completed after completion of Section 2. See notes for explanation of

signatures.

User I.D. HFIR L.D.*

Heat Classification

1. List Applicable &abbit Identification and Heat Generation Classification (High or Low)

DN S9! ‘,‘.‘}_.4’& Nl
N

low
[ow

hish

* Quality Assurance to verify correlation of User |D and HFIR ID noted above are consistent with markings

presented on product body.

Independent Verification of User 1.D. and HFIR |.D. : g. ?//0//6'
2. Attach Capsule Fabrication Request Sheet or Equivalent : ﬁ}w\n ZZJ{;)W Lead Experimenter

3. Approvals (see notes for explanation of signature responsibilities)

Ruun GU l leches

LeadExperimenter

Lead QA
Brian L Whian f’idt/

RRD QA 7

é <@ ‘_\, (((’(’L-

RRD EA&C Staff

N.A. No NCS Requirements
RRD Criticality Safety Officer

N.A. No MBA Requirements
HFIR MBA Representative

_Fyui2, geyw &

HFIR Operations (print name)

ol —

L'ead Exp’edmeg;ar (signature)
2 Gl —

Lead QA “(signatu
KQ)

RRD EA&C %taff (signattie)

N.A. No NCS Requirements
RRD Criticality Safety Officer (signature)

N.A. No MBA Requirements
HFIR MBA Representative (signature)

HFIE Operations (signature)

/5//2
Date

at

/
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ate
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Date
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at

—NA
Date
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